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AESTRACT
A method is described for studying the thermal shack characteristizs
of a trittie material, An enalysis of the thermo-stresses develcped in a
has led to the formulatisn of an
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equation relating the physical properties «f the tody to the temperature
d1fference causing failure and time iu wzxinum stress in a single cycle

unsteady state test., The thermni shock itnst consists of plunging a srhere
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-ccurs the time t¢ fracture is rrcorded. A large wunber of tests ave run

tc determine the temperatwre <iffevence which causes 57 of the spheres
hex relationships were toeted using Coors?

high alumina tody. The physical properties relating Lo the thermal shock

equations woere measured, ard calculated tomreratuse differences causing
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Thernal shock resistance is that propverty of a body which
cnetles i “c withstand sudden ani severe tempera‘ure changes without
fractiwring., 7This ability tc withstand thermal sheck depends upon such
fact.rs as compisitizn, shape, sice, temperature distritution, meuner cf
heating and ccoling, and the inherent strength <f the body, In many
anpticaticng, it is {mp r42nt to know hew the physical propertics of a

mAaterial will affect ite alillty to withstand therma’ shock. An initiel

s

apprsach o this protlem becoses thatef estabiishing the conditious which
will zause the tlhermul stresaes in the tody to exceed ihe breaking strength,

when 2 Lody is heated oy cioled the Jifference in tewmperature between the

Cerumic mmterials exhitit relatively poor thermel shack resistance

als, Tris is perhaps the msin burriczr t< the extensive use
~f refracteries in jet-prerulsicon and rochet engines, fecause non-ductile,
i.2,, trittle ceramic wnterials, pnssess many desired propertics, such as
strength at high tewperctures and high melting points, there is conciderable
foterest in the spalling behavior of these materials,

The marnnse of' this investigation was t2 determine the therrmal shock

resistance cn heutirpg and cucling a brittle solid sphere and to ¢ mpare the

rxrerimental results with the thecretical equatiouns. '

THECRETICAT, CCNSIDERATICHS

In this paper,the thermal shock resistance of any body is defined
as the maximum initial temperature difference between the body amd its
surroundings which the body cau withstand without fracturing. Fracture is

agsumed to take place vhen the tensile stress at a point exceeds the strength
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of the body,
l. General
The theory of elasticity is contained formally in the linear elastic

equations vhich relate the components of stress (< i *) to the components

of strain (E,ﬁh . _ S RO !

1,1

Were 0o B = s owhen 2R ol R: 423 |
¢ when L #

w3 ' ' i !
together with a cartesian coordinate system {x. ) for the location of the
material points of the body. The constants ¥ and &/characterize the

Tae+din
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1ty of the body completely and are related to young's Modulue and the

Modulus of Rigidity, Equation (1.1) is applicable, then, only to homogeneous,

isotrcpic todies,

That thed& . xare symmetric (€ ¢« = € +#.4 is proved eacily by

considering the rotational equilibrium of an infinitely small parallelopiped

i *

about the coordinotc axce. The ternsor character of the ~ (O . 1s proved

[e8)

from the translational equilibrium of an infinitely small tetrahedron,

The strain componentsf, fican be defined in terms of the strainm

n

metric: Two infinitesimally near meterial points which initially have
coordinate differences X ¢ will, after the body is distorted, be separated

by a distance:

ds?- 2 (AL £+ £cRI)dx, dxhk Lt
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The symmetry and tensor character of the £ )é{_ is eesily inferred
fron the form of eq. (1.2). In the fcllowing we shall use the convention of
summing over thcse indices which appear twice in the same term., Thus, e.g.,

eq. (1.2) can be rewritten:

'-J
»
8

' 5%z (A Ry € R)dxi xR

In genercl the stress distribution 7 A is not given, but must be -
calculated from @ known distribution of body forces per unit volume and surface
forces, Denoting the components of the force per unit volume by X(', , én

applicntion cf Qreent's Theorem for sarfnce inteorals vields the equilibrium

conditicns:
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If the body is initially unstroined the(::_, 7,{' are subjected to the restrictions

{compatitility conditions):
g N 4 b3 ‘ . s ’ = ¢ -
Fy B Fem CCHA, L, + 6//'::':-/ Lp#s Euky iy = € é""”/"/ /7 £ 148

where the comma (,) denotes partisl differentiation with respect to the

coordinate vhose index follows, The system (1,4) constitutes six algebraically

independent equations, The system (l.4), (1.1), (1.3), therefore containes 15

equations in the 12 functions (_,',_,'ﬁ; and ¢( ﬁ . Such a system would in general

Bty oom e s M B AR G ke e e e e s
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be over-determined were it not for the existence of 3 identities comnnecting
the equations. These are indeed given by the three "Bianchi" identities for
the B K Lot

3

)/',,7:;;

A

/:'f_f;:l:jn/'-?-ﬂ‘f‘p(_ﬁ’\%hs ,QJ,—DU'.,;‘,-” :

The ayste~ {1.1), (1,3}, 1,2), {8 therefore crmplete and not ovor-determined.
2. The Thermo-Flastic Equutions

In case a non-uniforr temperature distribution exists in the body,
eq. f1.1) must be moditfied to ta“e inty cccount the distortion of volume

elements resulting from the thormal txponsions, We replace (1,1) by:

FeB el fran, By =Ti " F

where b is the temperature of the point with ccordincte Lx") in excess =f
scme uniform temperature throuwghout the by, The constert ¢ characterizes
tre thermal expansion 2f an unrostrained v-lume clement, From hercon, we
assume that the volume anl surfuce forces vanich everywhere, so that we hove

to solve the system:
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3. Thermal Stresses in the Sphere

For a sphere heated symmetrically about its center, it is

sufficient to write the €/ £ in the form:

Ecf= BALA+ Oxi'x A Sek

vhere B [ are functions of v - VXt ¢ X3 ouly, to be determined,
Instead of determining the functions fi, L directly by substitution
into the system (2.1), (1.3), (1.4),it is simpler to first write the f:(jﬁ_

ag?

€é£=l(f(.)/+fﬁ_9&) 3.2

This expression for the GL' ﬁ satisfies eq. (1,4) identically, as a short
calculation will reveal., We can further obtain the required form (3.1) by

setting:
Sz gChxe 3.3

We have, usiung egq. (3.2):

; éz.ﬂ $ gAL:;:t% +(.'§:)x(_'x£ a= th
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By eqs. (2.1) and (1,3) the equilibrium equations reduse tot
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and ve have
v
‘,-4‘ a4 p / 2 C
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In order that % be finite at 1 5 , Ve must put Cp
in the ebove, Substituting (3.6) into (3.4), ve find along the X, — exise
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(3.10) we find:
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we can rewrite (3.10), (3.11) as:
¥ — —
- 4l TS = A oA
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3
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When the temperature distribution in the sphere 15 known, eqs,

give thc complete sclutiom to the problem,

o G ) g v AT vt
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at ); - + =~ the radius of the sphere, we must have a‘" > O

o 7 it
(Mtiw)g = 20T ¥ —'r/ Sy dr’
g

All the other siress components vanish along the X,

Using

3.12

3.13

325

3.17

axis,

(3.10), (3.11)
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For a sphere Lz~ted by radiation at the surface with initial
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uniform tempereiure teken at zero, we have:

-
iz QU -lyn‘{’ 2
f‘ ﬂ 5—‘\? {’ zxﬁ-:’z -y : LY. 3.18
‘2_..._- O'X)f'nwar\ ?
- Vot 26 8 (8 -7 'd
where /S = Biot's Moduius |
o i
f Z ..!..-4
I
2 A
1(' s
. = Thermal Diffusivity
(_g' = Time to maximum stress
¥ « Bre the veots of ¥n o ¥h +&-1 20 3.19

= 1. If, 1n the right

side of (3.18) Ol }'D‘/"h is written os a Taylor's series expanded sbout

>
.

and the teuperature of the radiction is teken as

2

-

sppebr, We con

Corn

= ' 4, 1t is secn that only even powers of

R

consequently obtain s good approvimation for g if we write:

o 3.20
& 2 W o -
) - /n V’ f
vhere ;1= "7{C ) and v“! = center temperature of sphere,

~

The boundary condition at 3: =1 is:
P
ot e 3.21

Substituting this into (3.20), we hove:

Sﬁ 3.22

B e L T




'

T TR WS UETT TS IR TV R B

vipre o=

I\l‘""’f' el
b

1 3aaakated i L Lo o EH

- 10 -
Then (3.20) becomes:
~ 2
o - v e
v Je l/ Bt g_o ) 3.93
and
e S [1- 35 | 3.24

¥+ . -
AR V- B MY SRS 3,25
ST&E 47
% " ST 1,26
Coaz = AL s SRANNTES

E(R+2 )

To this approximetion the maximum stress evidently occurs for J ¢ close

to unity. The meximum stresses are therefore epproximately:

*.
x- - I O
o i = T an Lo 7@4// = o i, 2
Sy ol e ’ S22+ )

A series of individuel calculations, using the series (3,18) reveals that

»* *
Sie mvay, Gpz #seen 8¥e glven to vithin 5% error in the interval

ASBE /o dyeq (3.27).
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4, Concluding Remarks

In the epplication of eq. (3.27) the following relationship gives
the temperature differeuce causing failure (A T) in °%C,, if the tensile
strength and Young's Modulus are in p.8.l. ond coefficient of thermal

exponsion in ‘3(:"l and o—*,, vl 2 -U‘/’) St , then:

L AT
& 4 i C e h'l
a7 s RE(AFR)LL-] ot
T 3
i H e
vhere ¢ - Biot's Modulus - v 4

"7 = Poisson's Ratis

-~ = Young's Modulus
-. = Coefficient of Thermn) Evpansion

.5¢ = Breaking Tensile Stress

I = Redius and j§ = curfoce heot transfer coefficient

Fquation 4,1 appearing above is vnlid for the heating and cooling of a sphere
if (- 4) 1s within the ronge of .1 to 10, VWithin this range the sbove
equotion 18 fccurnte within §%. Fer ceromic meterizls heated or cooled in
air or in o liguid salt the (7 ) will undoubtedly fall within this range.
However, there miy be circumstuncoes wrnich requirc the use of un equotion
fitting the extremely large or extremely srnll values of (+H) .,

n +hn acwvwrrnmtt i~ waliaa n
. o b AR S S ] - N o

v poor ing below hevs boen Sotepwyined

Straight forward but lengthy colculations using the series (3.18)

and o second expansion for ( _5" ) in terme of error functions, reveals that

*An equation which f£its the cooling conditions much better for (rA4) around 10
agpears below:

+ //,6) /=) Se
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the asymptotic solutions for the maximum stress ares

for rH < 1

L ES sl aj’f‘-‘/ b3

‘251_>7z;p¢b - B

for rH 771

Oy cop = 296 SCE aT  F &= o0 b
/-

¥
Figure 1 is 2 plot of (-7~ »-.4) against ( £ ) and indicates the
manner iu which the nondimensional stresses in the sphere vary with changing
Biot's Modulus,

One of the advantoages of an unsteady state test for thermal shock

inc the time 4o maximum gtress for a

impls shope, Thr Lime to moximum stress, of course, may be used to determine
the time at which failure will occur in the specimen after it is subjected

4o the single heet shock, provided the crack which indicates falilure propegetes
4o an extent whepe it mey be consistently determined, The time to maximum

stress { &) is related tc the radius of the sphere ( F ) and the thermal
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diffusivity (7L )} by the relationship appearing belows
i 4,6"

Nondimensional time (£) as a function of (,4?) is shown in Figure 2.

TESTING TECHNIQUES

A, Thermal Shock Tests
1, Specimens

The shape, size, and material of the specimen used for the thermal
shock tests were the first experimental considergtions., The solid srphere
{8 a convenient shape for experimental usej; however, forming procedures for
thig ehape are nct ae gimrple as for some other shapes. The deciding factors
in the selecticn of this shape were: first, very few assumptions were required
t> match experimental and thecretical brcundary conditions and second, a good
source was found for fatricating this shape.

A selection ~f the material tc be used presented sevcral problems,

In order for alify as A homegenecus and isotropic materiel
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suvstance ngle composition and continucus structure. In addition

9]

this substance skould have nr physico-chemical changes takxing place within

the range where it i{s still an elastic body (or at least over the temperature
rangs sclccted for study.) The material selected was Coors! grinding bell
materinl designated as type AB-2 Ceramic ~ high strength alumina, Microscepic
examination of the structdre of this moterial indicated s very deuse uniforw
cross section heving a very high predominance of one phase « aluminma, Although

this materisl is not microscopically homogeneous it is macroscopically

*Much of the basfc data for this equation amd (h 1) were obtained from
* TPntteciarifs Des Veveines Deutscher Ingenieure" BD. 69, MR, 21 MAI 23, 1925,

P TO3«11,
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homegeneous, i.e,, voclumes of the order of lmx:x3 Ry be considered equivalent

vith respect to E,.7, 4, ¢, and S¢. Also Coors was able to form &il

L=

[ppe

srecimens in the shapes required ( for exsmple, the cylinder for thermal

diffusivity etc.), Five ball dismeters were selected for study - 1, 1, 13,

30 5 RN TIPS PN T lmv-vpummmg
P

2, and 3", ‘H
After receipt of the balls, outwardly imperfect ones were discarded.

All remaining balls were measured for degree of roundness, and a check was l

made on water absorption (poresity), deunsity and average diameter.

2. Testing
.. ... Tests were conducted on these balls using two therwmel skock conditions;

one, in a salt bath having & rather high surface heat transfer coefficient

and two, in an air radiation boundary condition with a smaller surface heat

transfer ceefficient,
a, Liquid Bourdary Condition - Heating
After the balls had reached uniform room temperature they were

rlaced in a fine wire basket and immersed by hand into the szlt tath* of a

prearranged temperature, See Figure 3. The time reguirel tc fracture the

ball was reccrded. No diffisulty was experienced in determining follure,

a8 the balls exhibited complete fracture whenever a crack was started.

(Trhis fact was corroborated Cy immersing the twili in Zyglv prosifent’ and

i examining under ultraviolet light ic determine fine cracks. The ball was

then fractured vy impact aul examin=d again for cracks,) If ne faiflure

s o

ozcurred the btall was not tested again. At letst ten talls wers tested et

each temperature. The temperature range where fracture occurred was studied |

M e 0 s~ -

and the (A T) values selected at a point vhere 50% of fracture occurred. %*

See Figure 4. This plot indicates the percentage of one inch bells that

*Hitec - Manufactured by E. I, DuPont De Memours & Company
‘bﬂa « Ioamboctuped Dy Magmflux Covporation
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fractured at each temperature intervacl, For this perticular plot 600 bails
vere tested, (It may be seen that the plot approaoches a normel distribution
curve,) The time to meximum stress (63:3 was obtained by: first, determining
the 10°C cell centered upon the temperature correspondiung to 504 failure of
the ball and second, averaging the times to failure in this cell. The
temperature difference causing failure and time to maximum stress were
determined for the five sizes of balls, {.e., 1, 1, 13, 2 and 3",

t. Liguid Beundary Condition - Cooling

After the balls had reached uniform rocm temperature they were
placed in the pipes of a gas fired furnnce shown in Figure 5, Thermocouples
were placed in the tubes ad jocent to the escapement device and the gas adjusted
to obtain a uniform temperature on ¢ll lower level bolis, The temperature of
the salt bath was then adjusted to obtain the proper temperature differeuce,

At

-

ast 10 balls were dropped into the salt bath at each temperature

(B 7

{fference, The temperature range where frocture occurred was studied and
the (ZAT) selected at a point where 50% of fracture occurred. This
precedure wos used to study the temperature difference causing fracture in
the one and sne quarter irch talls, The time to maximum stress couid not be
determined 4n these tests becouse the time was too short.
¢, Alr-fadivticn Benudary Cunditlion - Hooting
The bolls were prepared in the same menner for this test as for
the salt beth heating, After thc furnace hnd reached n prearranged temperature
the hearth was lowered and the bell placed on the three-prong support on hhe

hecrth, See Figure 6. The hearth was roised immediately, plunging the ball

into a uniformly heated chomber, The tiwe required to fracture the ball was
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recorded., Again no difficulty was experienced in determining failure as the
balle exhibited complete fracture vhenever a crack was started, Vieving ports
were provided in the furmace to aid in the determinmation of fracture time. If
no failure occurred the ball wns not tested again, At least ten balls were
tested at each tempertture, The temperaticre range where fracture occurred
was studied and the (A T)and (&) values selected, The same procedure wes
carried out for several sizes of balls, i.e,, 13, 1%, 2 and 3",

d, Air-Radiation Boundory - Cooling

A number of balls were tested for the temperature difference
causing failure upon cooling in air, The balls were placed on the same thiee
prong support used for the heating experiment. The hearth was raised placing
the ball in the heating chamber and the furnace temperature increased until
the des’red elevatad tempercture was reached, The ball wag allowed to reach

uniform temperature, then the hearth was lowered and the ball removed from

6]

the hot three prung support and placed on ancther sgimilsr support exposed to
the room atmosphere. The approximate tempersture difference causing failure
was determined for a small number of balls, Because of the ngture of the
boundary condition of the cooling medium, {.,e., & large volume of stagnant
air at room tempercture, it was difficult to clerify the very scattered results
obtained, (Times to failure were recorded from several seconds out tc nearly
ar. hmy, consequently no dnta hove been reported).
B. Thermal Exponsion

The thermal expansion equipment used in this study has been described
by A. Liebermsu.l The exponsion of this material wae mensured on & 3/8" chip

of a fractured ball both using the quartz and the sapphire dilation parts,

With the sapphire parts, datn were obtained up to 1500°C. A heating rote of

i Ay AR DATERL u‘i. By Crandall, "Design and Coagtruction of a Belf-
- _ 3 il Ao for High Temgepature Use”, J,A, Coramic Society 35

T ST T e
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3°C. rer minute wvas obtained using 8 temperature program controller,
C. Thermal Diffusivity and Surface Heat Transfer Coefficient

An unsteady state method was used to measure thermal diffv«:ivity
and swurface heat transfer coefficient of the Coors waterial, This method
has been reported dby H, S. Ievinea. Semi~infinite cylinders, 1" diameter by
4" long, were formed having 1/8” holes along the cylindrical cxis., At lenst
three hole depths were required to imsure accuracy in the measurerments,

The wethod consists of plunging the semi-infinite cylinder with a
thermocouple imbedded in the l/ " hole, into a uniform heat bath, and taking
temperature readings on the thermocouple as the specimen is heated or cooled.
Figure 7 i8 o diegronm of the epporctus used for air radlation boundary studies,
The specimen was ploced on the pedestal support with the therinocouple in place.
The racking device was used to plunge the specimen into the radiation heat
bath, A portable precision potentiometer was used to record the temperature
rise ng o function of time at that point within the specimen. The lest wae
repented for the eame specimen at Lho, 600, 200, 1000 and 12C0°C then another
specimen of exactly sinilar siructure bul different hole depth was placed on
the pedestal cnd the same test runm. This procedure was repeated for cach of
L role depths. From the data obtained, trermcl diffusivity, Biot's Modulus
and Surface Heat Transfer Cocfficicnt were calculacted Ior these Lenpuraluass.

So thet duplicate cxperiments could be run for both the thermal
shock test and the surface hcat tronsfer cocfficient measurement; it was
necessary to devise a method of moving ¢ seni-infinite cylinder into the
same hecting or cocling condition os was used to fracture the balis,
Cousequently, double heating chambers were constructed. Figure 8 is o

dreving of the apparatus used for heat tronsfer experimeuts employing two air

g!.-& Jaetme, . Ag Unsteady~Btate Method for Measuring Thermal Diffusivity at

aﬁm ,thliom-ma 15, 1950, OMR Alfred, Mow York,

”"-“cn,f&
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radiation media temperatures, The upper furnice was operated at a temperanture
above that of the lower one, It was not necessary to make these measurements
with tungsten and molybdenum thermocouples in the lower temperature range
where base retal couples would suffice. The top furnace in Figure 9 was
opexrated aot terperatures either above or below the tempernture of the salt

h below it, Of course it i{s impossible to use exactly the same teuperature
difference which caused failure of the ball because it would 8lso cause

Bt Vyvwam AL Yl mard
Al LMl v VA wide g -

inder, EHcuwover, = temperature difference as close to this
as possible was used., The nethod of cbtaining the thermsl constant wae the
same for these set-ups 26 for air, described in the previous section.
D. Modulus of Elasticity

The apparatus shown in Figure 10 was used to measure Young's Modulus
of eineticity by £ sonlc method, Epecimens 4" long ty 3/3" in dimneter were
used, Thesec specimens were ground 4o shape from torsional speciriens prepored

e Y anar I ] A1 YYn - R a2k 5
&% Jca¥he /A aulic cspillntey omd woplificy With

~ntched sponker wers used

to drive the specimen 2t one end ty 2 nuvher 30 platioum wire supporting
that end of the specimen ot o position just off ite nodal peint, £ wvarizble
reluctonce plck-up connected te annther picee cf number 30 platinus wire
picked up the vivration {v2m ke othoer end of the tar., The signal from the
varichbie reluctance cartridpe wis seunt thrqugn = preenplificr wnd umplified
to an oscilloscope or vhcuun tise voltmetrr %o cerve o3 detectors, An vudio

aar  ram b ~E blen 1T
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5 cycles was coupled to the high inpedance line of the gowwruior, This
meter was used to pecasure the freguency put out by the audis oscillator, A
very simple Globar furnoce was used to heat the specimen, The resonant
frequency of the specimen vibrating in flexurce wee follawed on the "scope”

or the voltmeter es the specimer was heated up to 1000%C, From these data
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{t was possible to calculate (E) Young's Modulus ueing relatiounships described
by Pickett,d

E, Modulus of Rigidity

B UV

The modulus of rigidity (E ) does not appear in the thermal shock
relctionships, however, Poisson's ratio, and modulus of elasticity do appear,
The necessity of necsuring the modulus of elasticity suggests that an indirect

method be used to0 measure Poisson's ratio trom the relationshipi

Poisson's ratis s 7 = 22—~ -/

Modulus of rigidity measurerents were obtaired using the spparatus
shown in Figure 11. Rectengular-ended specimens having & cylindriczl center
section were prepored by Coors for these tests. The guoge section neasured
§/16" in diameter and 1-3/ " long. The method used has been described by

- Lad b} -2
Jdu A DUVD sulandld,

Are nlrrors wers attached to the eads of
goge section by plotinun bezels, An optical lever systen was used to neasure
the difference in the aucunt of anguler displacement of these nirrnrs ae one
end of the specimen wos twisted, the cther end being fixed, The modulus of
rigidity vas reasured by this -ethad cver the tempercture range of 20 - 10C0°C,
F, Tensile Strength

Previcus work dcne in the field of thernel shock has stressed the

ngth dote and the knowledge of posaiblc weak

at 4 N -

[+4]
]
oo
£
o
y—
(6]
ey
ct
i}
(9]

tuportance of T

shear strengths existing in the test Specimen.5 As a result of t

3Pickett, G., "Fquotions for Computing Tlnstis Constants From Flexural and
Torsional Resonant Frequencies of Vibration of Prisms and Cylinders", ASTM
Proceedings pa,. 846-59, Vol, 45, 1945,

hStvmnm:dm:l.s, J. A., Norton, F, H,, "Measurement of the Torsion Properties of
Alunina aud Zirconia at Elevated Temperatures”, J. A, Cer. Soc, 33 (9) 263-268

{19590).
Flavine, 5.8,, end Domoioall, C.A,, “Tharmal Shock Reststance of Brittle L B
W lrgmmmmmetmgotm - |

cvusalaion Society
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a8 study was made of the strength of the Coors material by two methods,

The first tests were conducted using conical-ended test specimeuns
and grips shcwn in Figure 12, The test epecimens were prepared at Coors.
The gage section was 3/8" in dicmeter and 1-5/8" long., Graphite shims Were
used to cushion the test specimen against the high temperature steel grip.
A hydraulic pulling dcvice with furusce attached was used to measure the
tensile strength of the specimen, The grips as well as the specimen were
enclosed in the furnace, Measurenents were made between 20-100000.

The second tests were conducted using rectangular-ended tersional
specimens shown in Figure 11, At the sane tine s rpeasurenents were being
made to deternine the modulus of rigidity, the loading oun the specimen was
increased rapidly urntil frocture cccurred. lfeasurements were unade between
20 - 1200%.

RESULTS

A. Theronl Expansion

shown in Figure 13, The cceffidicute for the respective terperature ranges
ore choewn in Table T,
TAERLE I
Joeificient ol Thweoal TEpausiou
Tcmggrnture Ceoeffictent cf Therryl Hxpansion (xlo‘é/oc)
S - 1000 e

25 - 200 6.1

200 - 10O Ted

Loc - 600 7.9

600 - 220 3.7

800 -~ 1000 9,9
10\:’0 - 1200 1105
1200 - 1300 1643
1300 - 1400 2,0
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B, Thermal Diffusivity and Surface Heat Transfer Coefficient

The surface heat transfer coefficient, Biot's Modulus and thermal

Temperature

200
35¢C
Loc
500

—
RIS LR SLE
Do b &E
s Ral

—
B
o

8. M duluy F 7iastigi

The msdulus of elastizity «f the loors material from rcom

temperature to LICC T i

2last i~ity velucs over

Tenperature

TABIE II
Heat Conduction Dats

SATLT

> ava

Surface HB=zat
Transfer Ccefficient

-

.30 cm™t
ue 1

2 55 "

S5

iy

n

8 shown in Flgure 1k,
the sa e ‘emperature
TRELE TIT

Moulus of tHlasvicity

range,

ugsivity for the Coors mwisrriais is shown {n Table IT,

Thermal
Diffusivity
39 % 1072
29
28 1"
211» i
19 n
17 1
]h 1t
-1 n

mg/sec.
11

< voduius of Flasticity x 10

T7atle ITT represents the

6

psi

25

lelels)
-

400
600
800
1000

21,40
30.95
30,37
29.70
28,79
27.10
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Figure 15 represents the nmodulus of rigidity values obtained between

Table IIT and cquoaticon 5, Poisson’s ratioswere calculated from corresponding

teperatures. Teble IV shows the values obtained,

TABLE IV
Poisson's Ratio
Terperature °C Poisscn's Rotic (.4)

e5 27
208 22
Loo o B

600 .1h

700 #15

390 b1

T, Tensile Strength
Tt ehmile plawiggihs 8 Uhe Toopr oBto®iod sgpemand by The

torsisncl -<ethad 2rc shown in Figure 16 and Tohle V,

Tenperature 7 Tursiosnal
53 173,200

200 19,600

LoC 17,990

LEn 18,500

i 132,Lk00

120¢ 5,500

1100 7,40

1150 5,300

12.0 5,200

Thesz data are in good agreericnt with those found using the other
t>re of experinent i.e,, direct pulling and arc quite a bit siupler to run.

Figure 17 is a photograph of ¢ torsional speciuen vwhich is typicul
of the type of fracture obtained. The exrlanation for the type stress

developed 18 given below:

——r., |

PR TR
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If 2 rod, fixed at one end, is subjected to a torsion resulting in

T T T A YR TP | e

shear  at the surface, this pure shear ray be resolved into tensions

{4+ -~ )eand (-~ ) oriented along the swrface of the rod, perpendicular

to each other, cnd ot 45° to the axis of the rod, The relation between

i“ ; ., aﬁ ‘:7‘ 18 .- e e e S e el s R e, PSP G R TR

It follows frow this, that if a helical frocture is characteristic
of a rod vhen only pure torsion is applied, the fracture rust have been due

)
to the action of the resolved tension at 45 to the axis of the rod. See

Figure 18 below: 4

R

Therefore, even though the specimen was tested in torsion which would
allow for shear releases to occur, none were found - all were helical tensile
froctures, Thus, it was assumed that this material was predonminately weak in
tension nnrd that failures should coccur in tension at the center upon heating
the sphere and in teunsion at the surface upon cooling. Further proof that

’ this is true is obtained from an exanination cf the type of fracture obtained
in the balls when heated, See Figure 19, In all cases, the fracture was
radial frou the center leaving a nunber of rosette frogments, indicating

o tensile fracture initiated at the center,

.......

b rREIRE T 8 -



e e - - - . ' -

- 2h -

F. Thermal Shock, Comparison of Experimental and Calculated Values -
An attenpt hns been made to compore experimental thermnl shock

lues, { ZAT'a) with the theoretically calculated values obtained using o

in

*y

£

airly wide range of (/* :/z,)' The experinentcl values were obtained froa room

T TG LA LT e " e = o ——r—— ;
-
o

temperature to 1400°%. The calculated values were obtained by substituting
toto the sorrect formuln for the ( £ ) range covered by the experiment, The
substitutionnl values were obtained by counsulting the proper constont vs,
tenperature plot and introducing the values which applicd. It has been assumed
that a volue should be substituted for the modulus of elasticity ( £ ) and
Poisson's ratio { %) which corresponds to & mean temperature, i.e.. o value
fron the respective constant vs., teuperature plot at a tenperature aidway
between the initial and final terperature used to cause 50% frocture of the
balls, The surface heot transfer coefficlent (H) and thermal diffusivity ( )
wvas substituted which was obtained for a nearly similar experiment which had
coused fuilure of the ball; i.e., if 50% of the one inch balls failed upc

heating with 2 storting temperature of 25 C and o final temperatuse o

then the (E) end ( -+ ) v2lues were found by the unsteady state nethod for the
tempexrcture differcuce having one holf the finnl teapercture of ’(220C and
the sane starting teuperature. The coefficient of expausion (4L ) was
sbtained £ron the elope of the stralght line joining the cxpensicn valnes for
the starting ond fiual temperature, The tensile strength (57) wos obtalned
using the tine to =axinus stress to defernine the tempurs
strength that must have been exceeded to cause failure.
It is evident thot the above described procedure for introducing
the proper "coustants" into the therrnl shock relationships is open to

question. It seems quite evident thot one should take some value for

substitution which is intermediate between storting ond fimol teuperatures.
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However, the exact position of this value con orly be assumed, The half
tenpernture valuee are probably as realistic as zny that might bco cubstituted

for -» and £ , The recson for selecting the tempernture and thus the

TR R E HRAIC 1 1S5 S
""*f

—~w
r

time for the strength data from the time to maxinun stress values may not be

abvisus, ailure or fracture of the b21l upon heating is known to toke ploce

o ng & tenesile frachure at the center. The temperature cf the area
where failure occurs m2y be closely estinated in the ball by toking the
tenperature from the "heating curves"” of the seui-infinite cylinder for the
time where failure occurred in the ball (of the same size)., Then using this
tenperciure, the strength noy be obtained from strength versus temperature
curve, Upon cooling the tize to maxinum stress is very short thus the
selected to use 1s that of the surfoce filn, The temperature

of this f£iln would be near thoet of the fincl mediun, In both the case of
heating cnd cooling, one nust consider nore than Just the awez of the surfece
cr center, for necrly all ports of the body counlribute to the sirength.

Therefore, & valur wos substituted which was intermedinte between Lhis ocue

and the con,
i o P ¥

-
1% T SN .7

F:llwwing the systen set forth above, the { ., T's)

were calculoted for hecting and cooling conditions in salt and henting iu

The calsilated 12 7Y volues sy be conmered with the experinental

valucs by ferring to Table VI.

ey

1 ot 004+ s 009 Wt o et

oy

TABLE VI

Experi~eatal and Colculated Thermal Shock Voluse

1 13 11 2 3

l Beoting in Salt (Calculsted) 736 648 559  L4B 352
Heating in Sclt (Expericentol) 722 600 575 540 500 ;
Heating iu Air (Calculnted) X 1442 1400 1135 1032 i
Heating in Alr (Experinentol) X 1344 1228 1117 950 B

re Bds 2t kel et e £ere T e A Gl it b e el J
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TABIE VI {Cont.)

Experimeuntel and Calculated Thermal Shock Values

L, B M B i
Ccoling in Salt (Calculated) 736 648 559 448 352
Cooling in Salt (Experimental) 250 230 X X X
- 4 ~
Time to wsximum strecs { £ ) velues were calenlated for each

condition that could be checked experimentally, These values &lao may be
compared with the experimeantal valuss by rereorring to Tehle VIT,
TABIE VII

Pxperirental and Calculated Time to Meximum Stress Values

% 1 11 2 3
Heating in Salt (Jalculated) 39 12 18 29 53
deating in Salt [(Ixperimental) 23 12 1 20 35
Beating in Air (Calculated) .3 27 36 EG 107
Heating in Air (Fxperimental) X 40 77 112 250
DIGCUSIICN CF RESULTS

A cocparison of experimental snd calculated ( -. T's) and ( Y

shows ity falr agreement in Iight of uil tests conducted., Eowever, it

should te emphnsized here that this investigation has endeavored te go

o

forthar tharn
i a1 Sl ST

uct tc c-mpare order of megnitudes, tut has calculated

It would arpear that the experimental heating values in salt were
toc high compared with the calculated values and tco low in light of
calculated values for the cooling cycle., This situation would suggest that
perhaps the balls were received with some nonuniform stress along their
crogs-section, If the surface of the ball was under tension and the center
in compression as received, when the ball was heated to cause fracture, the
thermo-stress developed would first have to reduce the compression in the

i tien 27
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center before starting to develop the required tension to ceuse fracture.
This would result in an overall larger stress and tnus A greater temperature

e game initial stress would cause the cocling
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temperature difference to be too small. Tc determine if thiswere a possible

14
0

' cause for the conflict between experimental and calculated values & number
of bnlle vere placed in crucibler and heatsd slowly to 1500°C and held for
8 hours. These balls were ccoled slowly to relieve any stress which might
nove been present., Then a number of these balls were testea to determiace
their (4 T). There was very little, if any, difference in the resulting

Z3 T) from this experiment uver ihe original valuc., From this test it
was concluded that there were no initial stresses present in the balls,

“re mey lcok to 2ll of the "constents" substituted in the thermal
shock relationship and gquestion the procedure used in their selection,
Bowever, the largest question undouttedly moy be raised regording the strength
and heat comduction values., Strength in particular is ¢ mos® iilusive

property o determine, Two methods were used to determine strength involving

twe sizes and technigues, The direct pulling experiment is cn indication of

entire cross-sectvion strength vherecs the torsioncl experiment probably

+ R R o~ . s ¢y v . . -
indicotes the strength more as o surfoce property. The transverce rupture

test might be + better indicoticn of the proper sitrength here, however; it

i? does net indicete possible weok shear strengsth. The size foclour chould act
.7
%? be cver-looked also, The sizc cf the thermal chock oull is lorger thun the
ol
2 goge section of cither of the test specimens used tvo determine strength, 1t

18 possible thot the size relotionship here is in poor agreement, Alsc, the
swrface in contact with the test specimen may influence the strength value
obtained, All strength measurcments were made with air as the surface contact

modium, Ferhaps the strength of the specimen in contact with the salt

e ) s N LT A b s m Lk
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(especielly cor the cooling cycle where surface is so importent) 1s strongly
influenced by the surface contact of salt,
The surface heat transfer ccefficient and Biotis modulnus are wost

difficuit to mecsure, The manner in which the experiment is run may strongly

influence the values obtained. Therefore, it is important that as nearly
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to establish the proper boundery conditioun for wn cxperiment such as the cne
run in a salt Luth, The nature of the heat transfer from the salt to the ball
involving surface films etc,, complicates the measurement of the surface heat

transfer coefficient, The size of the specimen has cn equal effect on the

1423

size of {, ) ai

. A

dces the hant “ransfer ciefficient, 7t is possible to

change the size of the spocimen ond thus chonge the valu:s of Riot's modulus

by many times even for the scme temperoturce difference, 7The way in which the
size of the ball chenges the tomperature difference cuuwsing feilure 1S siiown

it Pleurs 20. Ao the eide of the pill 18 decrencded the tomperulure ¢ Wlursudds
ciading falidy increcses $pidly. Aocerlingly 1% £9llows Tt 1F the siee

{8 degreaced sufficiently the {24 7) will become co lurge that it ic impossible
to cnuse foilure of Uhe il ander proacticn] conditions., Thic is the situulion

frund ustng the -me inch ¥231 in the sir rediotion medium, Actuclly, the

stress, vefore failure can occur, In other words, the body is uo longer

elest iz,

-~ 87

LM

i ad

ot




-

o
Er PR L XL I

e

- 29 -

SUMMARY

A method hos been developed for studying the thermal shock
choracteristics of ¢ brittle substonce, The wethod consists of a single
cycle test of unstendy state nmature, Two testing conditions have beeun
selected - one having o rather high surface heat tranefer coefficlent in &
liquid bath and the other having o smll finite surface heat transfer
coefficient in an air bath, These two conditions are nt elther extremes
regording the thermal shock usuzlly given & subshance in practice.

The snly foir agreerment found in the calculcoted aud experimental
data indicates that further investigotion is necessary, The importance of
cortain factors, such os time 4o -~rximun stress, which was found to be in
rother good ugreement £or the salit sk hent transfer cannol e over-loohed,

There are wmony applications in the Ligh tenperciwre - high stress field in

=% & 3 -, : L R _ b - P |
4 o, 3 EY A S e > ] 3 o .y
Whick Ul concsph of 4mc 37 gnmives ohrasrs clebd wedl bu vcinified, For

o 8 g s B o R N Y T | 2~ A ¥
prompice, in the owoe whers ropsoted high toupercture hedtings ore mde on 2

X

ng mirkt b arranged so thot the time te moximum
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slrets wos nover roached for the partienlar hrenting cycle - aithough the (3 T)
vus higher thos that necessary bo couse fuilure, Muchk is to be learned from
¥hig t9pe oF svedy wuich wmey be wppllad 40 Btusd situmtions, ¥ meetd hies
cpphesized, however, that this worx 68 teen conducted on oue [iwgll oot of

comditisns ond the factors found here do not necesstrily cnrry over into
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